Wind erosion not only affects agricultural productivity but also soil, air, and water quality. Dust and specifically particulate matter ≤10 μm (PM-10) has adverse effects on respiratory health and also reduces visibility along roadways, resulting in auto accidents. The Wind Erosion Prediction System (WEPS) was developed by the USDA-Agricultural Research Service to simulate wind erosion and provide for conservation planning on cultivated agricultural lands. A companion product, known as the Single-Event Wind Erosion Evaluation Program (SWEEP), has also been developed which consists of the stand-alone WEPS erosion submodel combined with a graphical interface to simulate soil loss from single (i.e., daily) wind storm events. In addition to agricultural lands, wind driven dust emissions also occur from other anthropogenic sources such as construction sites, mined and reclaimed areas, landfills, and other disturbed lands. Although developed for agricultural fields, WEPS and SWEEP are useful tools for simulating erosion by wind for non-agricultural lands where typical agricultural practices are not employed. On disturbed lands, WEPS can be applied for simulating long-term (i.e., multi-year) erosion control strategies. SWEEP on the other hand was developed specifically for disturbed lands and can simulate potential soil loss for site-and date-specific planned surface conditions and control practices. This paper presents novel applications of WEPS and SWEEP for developing erosion control strategies on non-agricultural disturbed lands. Erosion control planning with WEPS and SWEEP using water and other dust suppressants, wind barriers, straw mulch, re-vegetation, and other management practices is demonstrated herein through the use of comparative simulation scenarios. The scenarios confirm the efficacy of the WEPS and SWEEP models as valuable tools for supporting the design of erosion control plans for disturbed lands that are not only cost-effective but also incorporate a science-based approach to risk assessment.
wind erosion; 2) establish acceptable field level conservation plans; and 3) determine wind erosion susceptibility as part of the Conservation Reserve Program (CRP) and other national conservation program enrollments. WEPS is a processbased, daily-time step model that simulates multiple processes (e.g., hydrology, plant growth and decomposition, and soil surface erodibility) to predict wind erosion soil loss as affected by site-specific climate, soil type, and land management (Hagen, 2004) . WEPS simulation of wind movement of soil has undergone extensive field and wind tunnel testing and validation. Good agreements (i.e., coefficients of determination ranging from 0.87 to 0.98) were found in a number of studies between measured and WEPS-simulated erosion (Buschiazzo and Zobeck, 2008; Funk et al., 2004; Liu et al., 2014) . Soil loss measurements from 46 storm events in six states were compared to predictions from the WEPS erosion submodel by Hagen (2004) who found measured and simulated erosion values were in "reasonable agreement" (R 2 = 0.71). Because of WEPS improvements over previous models, the United States Congress stipulated that " . . . the WEPS model will be used (by NRCS) where wind erosion is the primary causal factor for comparing the annual level of erosion before conservation system application to the expected annual level of erosion after conservation system application." (Federal Register, 2010) . WEPS has commonly been applied for long-term (i.e., multi-year) simulations; however, under many construction and other disturbed land situations, a site is only exposed or vulnerable to wind erosion during a short time period of days, weeks, or months. To assist in the management of disturbed lands, the WEPS erosion submodel was disaggregated into a stand-alone companion product known as the Single-Event Wind Erosion Evaluation Program (SWEEP) for simulating singleday wind storm events under a specified surface condition. SWEEP consists of the erosion submodel of WEPS with a graphical user interface (GUI) for ease of inputs and outputs.
Methods for using WEPS and SWEEP to simulate erosion by wind on disturbed lands have been developed where typical agricultural practices and control methods are not employed. WEPS is suitable for simulating long-term management strategies such as mulching, re-vegetation, wind barriers, and land roughening Wagner 2013) . SWEEP on the other hand was developed to simulate potential soil loss for a given date while also providing probabilities of dust emission events by month (the smallest temporal resolution of historic wind probabilities in the SWEEP weather database), given site-specific planned surface conditions and control practices. Open emission sources of wind generated dust from disturbed lands include: 1) construction sites (both residential and non-residential), and linear areas such as roadways and pipelines; 2) mined and reclaimed land as well as stockpiled materials; 3) landfills; and 4) other disturbed lands such as grazing and recreational lands.
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Emissions from disturbed non-agricultural lands are often regulated by government agencies, for example, the USEPA sets limits on particulate emission levels and establishes permits for pollution release (USEPA, 1993 practices) for non-agricultural conditions. The paper is not intended to provide a detailed description of the operation of WEPS and SWEEP but rather to illustrate (through easily understandable simulation scenarios) how these models can be adapted and applied to non-agricultural disturbed lands. Note that although several control practices are used as examples herein, our intent is not to endorse any practice or product. As with the selection of any erosion control method, the effectiveness of the method in controlling wind erosion, labor and costs, length of effectiveness, as well as other factors should be considered.
Methods

WEPS model description
WEPS is a physically-based daily simulation model that simulates weather, field surface conditions, and wind erosion (Wagner, 2013) . As shown in Fig. 1 , WEPS has a modular structure that consists of a user interface (programmed in Java), a science model (programmed in FORTRAN) with a main controlling routine and six science submodels (hydrology, management, soil, crop growth, crop residue Article No~e00215 decomposition, and erosion), and five databases (soil, crop, growth and residue decomposition, operations, wind barriers, and climate). This modular structure facilitates model maintenance, upgrades, and new applications .
Climate is the primary driver for natural surface physical processes. The hydrology submodel simulates soil energy dynamic changes, including soil temperature and water content in soil layers. User-prescribed practices, including tillage, planting, harvesting, and irrigation, are simulated in the management submodel. The soil submodel simulates soil physical and chemical changes in soil layers and the surface due to weathering processes between management events. Crop growth is simulated in the plant growth submodel, and plant residue decomposition is accounted for in the decomposition submodel. The erosion submodel can be used to simulate or predict estimated losses in terms of total (< 2.0 mm), creep + saltation (2.0 to 0.1 mm), suspension (< 0.1 mm), and PM-10 emission into the atmosphere, and is the primary submodel of the six that comprise WEPS (Hagen, 1995) . It simulates erosion processes if the surface threshold friction velocity is less than the actual friction velocity (computed from the hourly wind speed and current surface aerodynamic roughness).
[ ( F i g . _ 1 ) T D $ F I G ] (Hagen, 2004) ; Columbia Plateau, USA (Feng and Sharratt, 2007; Chung et al., 2013; and also internationally including Canada (Coen et al., 2004) ; Germany (Funk et al., 2004) ; Argentina (Buschiazzo and Zobeck, 2008) ; and China (Chen et al., 2014) .
WEPS contains a graphical user interface (GUI), coded in JAVA, for input of initial field conditions, calculating soil loss, and displaying either simple or detailed long-term simulation outputs for designing erosion control systems. Only four types of information are entered on the WEPS GUI main screen ( Fig. 2 ): 1) a description of the simulation region geometry by defining the field dimensions and field orientation; 2) selection of the field location for which to generate simulated Interpreting WEPS output is an integral part of using the model as a tool for developing conservation plans to control wind erosion. WEPS provides options for viewing detailed soil loss by periods (the default is two weeks); period output is also available for weather parameters such as wind energy as well as surface conditions such as soil erodibility and biomass amounts. Such information is useful in determining which period resulted in severe erosion and the specific conditions contributing to the loss. WEPS outputs also include the amount of soil loss for each wind direction which can aid the user in the placement of directional erosion controls such as oriented roughness, barriers, vegetative strips, or other directional control methods.
SWEEP model description
SWEEP model calculations are identical to the WEPS erosion submodel but are independent of the five other submodels that comprise WEPS. SWEEP requires input of 38 parameters (as described in Feng and Sharratt, 2009 ) that define crop and residue characteristics (e.g., growing and dead crop leaf area index and residue flat cover), soil properties (e.g., geometric mean diameter of aggregate size and Article No~e00215 surface water content), and weather characteristics (e.g., wind direction and wind speed). The SWEEP model simulates soil loss (in terms of total, creep + saltation, suspension, and PM-10 emission) for site-specific, planned surface conditions and control practices for a given day of the year. For example, a construction schedule may call for the soil to be bare and open to the effects of wind for a short period of a few days to months. A simulation of these surface conditions will give the user an indication of the wind erosion potential for the specific soil type, surface conditions, and control methods at the location of interest. Fig. 3 shows the SWEEP GUI main screen. Land surface and weather conditions in SWEEP are described through a series of five tabs arranged along the top of the screen. The A useful tool in SWEEP is the Threshold Run utility (listed under the Run menu button). This allows the user to select a wind station for which to calculate the probability that erosion will occur as well as other wind parameters by direction and month for the surface conditions entered. Therefore, given the known land conditions, one can determine the likelihood of an erosion event occurring.
Output information for SWEEP is presented in both graphical and tabular form (Fig. 4) and has many options for a detailed analysis of the conditions as well as location and type of erosion within the area. Information for many erosion parameters including soil loss and deposition is available by grid cell as well as for total, creep + saltation, suspension, and PM-10 size loss. Total amounts crossing each cell boundary are also provided. Similar to WEPS, the SWEEP model has been extensively validated in both the United States and internationally (e.g., Feng and Sharratt, 2009; Liu et al., 2014; Pi et al., 2014a; Pi et al., 2014b; Pi et al., 2016) and has been shown to perform well across a wide range of soils and cropping systems. total soil loss when all other factors are kept the same (i.e., the same minimal management is applied to all locations and soils). The general increase in soil loss as soils become sandier is a result of poorer aggregation and higher percentage of erodible size aggregates (Tatarko, 2001) . Smaller aggregates also result in less surface roughness (Mirzamostafa et al., 1998) . Varying location illustrates the effects of climate on soil erosion. Therefore, the main difference in the simulations between locations was due to a combination of wind energy, the effect of precipitation and temperature on soil surface properties at each location. ). This leaves management practices as often the only and best way to control soil loss and dust emissions. In WEPS, land management is entered as a date-ordered list of "operations" that are applied to the land. This can include a variety of actions such as roughening the land surface, planting vegetation, adding straw mulch, burning, and wetting the surface (irrigation). Several scenarios follow demonstrating the use of WEPS for non-agricultural erosion control planning.
Straw mulch
The effect of vegetative cover on soil loss by wind is well known (e.g., Skidmore and Nelson, 1992) . Adding straw mulch is a common practice to control erosion as well as to conserve moisture until vegetation can be established. This practice is used on a variety of disturbed lands including road construction. Using straw mulch requires anchoring by matting, crimping, or other methods to prevent blowing or the washing away of the mulch and seed. A crimper is a tractor attachment that has serrated disk blades about 10-20 cm apart which forces straw mulch into the soil and leaves much of the straw in a vertical position.
Since standing vegetation is much more effective than flat residue in reducing the force of the wind on soils (Hagen, 1996) and because anchoring prevents blowing, crimping is a preferred method of control as opposed to blowing straw into a flat, loose position on the surface (Chepil et al., 1960) . Table 2 shows the simulated effect of increasing the amount of straw mulch on wind erosion for a silt loam soil at Manhattan, KS, USA. As expected, the WEPS-simulated amount of wind erosion soil loss decreases as the amount of mulch increases. This shows how WEPS can be used to estimate levels of mulch to apply to control wind erosion for a given soil and location, thereby minimizing the cost of mulch and labor to apply it.
Wind barriers
Wind barriers are typically, linear, vertical structures of live or artificial material put in place to reduce the force of the wind on the surface and thus reduce wind Article No~e00215 erosion (Lyles et al., 1984) . Barriers might include somewhat permanent structures like trees, shrubs, or board fencing as well as temporary structures like silt or snow fencing or hay bales. Barriers influence the size and location of the leeward protected area and thus reduce the effective field length available for wind erosion soil loss . Within WEPS, barriers can be placed on the border of the area being simulated and the height, width, and porosity of the barrier specified. Barriers can affect both gross and net soil loss. In WEPS, gross loss is considered the total amount removed from the soil surface and moving across a field. Net loss is considered the gross loss minus any soil that is re-deposited (within the simulation area) downwind of a barrier as a result of the barrier effect on reducing the wind.
An example of the use of WEPS to design the placement of wind barriers is illustrated for a field where straw bales were placed on the surface in a grid pattern to control wind erosion on a pipeline re-vegetation project in a highly erosive environment (Fig. 5) . In this case, WEPS simulates each individual grid cell as a small "field" or simulation region surrounded on all sides by barriers consisting of straw bales. Although, the larger the grid cell, the larger the number of bales are needed to surround it, a fewer number of total bales are required to cover the entire re-vegetation area. By varying the size of the grid cell or field in WEPS, comparisons of soil loss for each field grid size can be made. Table 3 shows the simulated effect of increasing grid side length on gross and net soil loss with barriers (i.e., bales with height = 50 cm, width = 30 cm, length = 100 cm, and porosity = 0%) on all four sides for a silt loam soil at Manhattan, KS. As can be seen, soil loss increases as the grid size increases. An optimum grid size can be designed with WEPS to control wind erosion with the least amount of hay bales and labor to place them over the area. Similarly, WEPS can also be used to design the optimum amount and placement of silt or snow fencing for wind erosion control on disturbed lands. Table 4 presents example comparisons of several control methods as simulated by SWEEP for a 500 × 500 m field, again for a silt loam soil in Manhattan, KS.
Comparative simulation scenarios: SWEEP model
Barriers were simulated as a snow type fence (2 m high) with 50% porosity, placed perpendicular to the simulated wind direction. To simulate a dust suppressant, we considered a generic chemical product sprayed onto the soil surface to bind particles together to prevent them from becoming airborne. Water sprayed onto the surface has the same effect although it has a shorter period of effectiveness. For this study, a dust suppressant was simulated by adding a surface crust that assumed full coverage (100%) of the surface with a small fraction (0.1) of loose material remaining on the crust surface after treatment with the suppressant. Fig. 6 illustrates how a typical dust suppressant might be simulated in SWEEP by adjusting surface crust parameters. Actual effectiveness of any suppressant for wind erosion control may depend on the particular suppressant and amount applied. Crimped straw was simulated by adding standing wheat straw (10 cm high and 3200 stems m −2
) and 20% flat cover (Fig. 7) . The stem area index was estimated using a 3.0 mm diameter stem.
As presented in Table 4 , adding barriers can reduce wind erosion on an area of this size (i.e., 500 × 500 m) but as numbers of barriers increase, the reduction in soil loss diminishes. With increasing numbers and decreasing spacing between barriers, one can determine the minimal numbers of barriers and their relative placement to reduce soil loss to acceptable levels. Installing such barriers can be labor intensive and may not give complete control depending on the size of the area and number of barriers used. Some erosion control practices such as barriers or oriented roughness are most effective when arranged perpendicular to the expected wind direction.
Actual wind direction variation is difficult to predict. The best practice is to orient directional controls perpendicular to the prevailing wind direction with the understanding that their effectiveness will decrease as winds change to more parallel to the directional control. Note that SWEEP provides prevailing wind [ ( F i g . _ 7 ) T D $ F I G ] direction by month as well as the probability of that wind direction occurring for many locations in the United States (see Threshold Run utility below). The use of a dust suppressant showed much better control. Since suppressants vary in effectiveness and longevity, the cost compared to the benefit of this control should be considered. Crimped straw mulch, although applied at a high rate, provided the best control of the methods considered with zero soil loss.
SWEEP Threshold Run utility
The wind speed at which particle movement is initiated is called the threshold speed and is dependent on the state of the soil surface. A soil surface that is rough or protected with non-erodible material (e.g., anchored vegetation) will require a stronger wind to initiate particle movement than a bare, smooth surface. This means that for a given field, there is no single threshold speed but rather a range of speeds depending on the soil surface type in terms of aggregation, roughness, vegetation status, and moisture. Also, the effectiveness of directional controls such as barriers, ridges, or berms depends on their orientation relative to the wind.
Therefore an understanding of the threshold speed for various surfaces as well as the probabilities of wind direction can aid in the development of the best controls.
The SWEEP Threshold Run utility provides a simple way observe the wind characteristics for a given location and surface condition, based on monthly historical wind data. The Run Threshold option under the Run menu item, allows the user to select a wind station for which to calculate the wind speed threshold for the simulated soil and surface conditions at which erosion will occur as well as other wind parameters. The Run Threshold utility provides the following data by month and direction ( Fig. 8 and Fig. 9 ):
• Threshold (m/s)-Wind speed from the specified direction at which erosion begins based on the given surface conditions (e.g., soil aggregation, roughness, and ridges and biomass characteristics).
• Winds > Threshold (%)-Percent of winds coming from the specified direction for the month that exceeds the threshold wind speed for that direction.
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• Dir Prob (%)-Probability of wind coming from the specified direction for the month.
• Thresh Prob (%)-Probability of wind exceeding the threshold wind speed from any direction for the month (combination of the above two: Winds > Threshold and Dir Prob). Threshold, the minimum speed required to initiate wind erosion for the surface specified is shown. Since ridges are oriented east-west, the threshold is much lower when the winds are parallel to the ridges (i.e., E-90, and W-270) than when perpendicular to the ridges (i.e., N-0 and S-180). The Winds > Threshold row indicates that nearly 26% of the winds out of the east at this location are historically greater than the threshold speed, as are 14% of the westerly winds. The Dir Prob row shows the historic probability of winds coming from the specified direction. Note that 16.5% (7.2% + 9.3%) of the winds at this location are likely to come from the east or west direction. Finally the Thresh Prob row shows that historically speaking, 3.18% (1.87% + 1.31%) of the time a wind erosion event from the east or west is probable given the surface configuration. These are the most likely directions that a wind event will cause erosion. In addition, a wind erosion event has a 3.55% chance of occurring under these conditions. Although the north and south directions have a high probability of winds (9.8% and 9.9%, respectively), the probability of those winds being greater than the threshold are very low. Fig. 9 shows the Threshold Run Table for the same conditions and location, except that the ridges are oriented to the north-south. By reorienting the ridge direction, the probability of having a wind erosion event is reduced to 0.05% in the east and west winds and to 1.16% for all directions. The Threshold Run utility can therefore be used to determine the historic probability of having a wind erosion event given the location and surface characteristics.
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Conclusions
The WEPS and SWEEP models have undergone extensive testing and validation and are considered the wind erosion prediction tool of choice on cultivated agricultural lands. With adjustments to management inputs, WEPS and SWEEP provide useful tools for aiding the design of erosion control plans on nonagricultural disturbed lands that are a cost-effective and science-based approach to risk assessment. There are many control practices available to land managers and only a few examples are presented here. It should be noted that models such as WEPS and SWEEP alone cannot quantify the advantage of a particular erosion control method over another as various methods are a function of multiple physical, climatic, logistical, and economic factors. For example, water is sometimes used as a dust suppressant. While chemical dust suppressants may provide longer protection, there is an additional cost to be considered.
As part of a comprehensive approach to erosion control planning, WEPS and SWEEP can be used to compare various control scenarios and develop effective control strategies for non-agricultural lands. However, additional research and development of WEPS and SWEEP are essential to continually improve the models for use on both cultivated agricultural and non-agricultural disturbed lands. Improved interfaces are desirable for the models that are customized with input screens for non-agricultural applications. Additionally, there is also a need to evaluate and improve processes that define the surface state of erodibility through validation with independent datasets and field measurements. Validations of WEPS and SWEEP model response to non-agricultural surfaces such as mine tailings will provide further robustness to the simulation of such surfaces.
Similarly, parameterization of specific control operations such as dust suppressants is needed. In summary, the WEPS and SWEEP models described herein are valuable tools for supporting the design of erosion control plans that are not only cost-effective but also incorporate a science-based approach to risk assessment.
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